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Introduction

Fundamental research clearly shows that the product of the c-myc oncogene is often
expressed at elevated levels in a large number of breast cancers and is associated with poor
prognosis, high-risk disease (for further detail, see our recent review (3). Indeed, Myc drives cell
proliferation and can initiate as well as contribute to tumor development, as confirmed by both in
vitro and in vivo models of breast cancer. The highly conserved regions of the Myc protein are
thought to participate in protein:protein interactions. Importantly, blocking these sites can
effectively inhibit Myc function and block breast carcinoma cell growth. Thus, Myc is a valid
target for the development of novel therapeutics to inhibit mammary cells of malignant
transformations in a specific and sensitive manner. This is the primary goal of this proposal.

To achieve our goal, we are using the novel Repressed Transactivator Assay (RTA)
developed in collaboration with our lab (1). The RTA is an in vivo functional assay that will
enable Myc-binding proteins and inhibitors of Myc:protein interactions to be identified and
characterized. This experimental tool is conceptually similar to the conventional "two-hybrid”
technology but offers significant improvement. First, the RTA allows transactivator bait proteins
like Myc, to be used in a two-hybrid approach to clone novel interactors. Second, the ability of
the RTA to identify inhibitors of a given protein-protein interaction makes it particularly well
suited for high throughput screening of protein-protein interactions and the identification of
inhibitor compounds.

Objective/hypothesis

Our hypothesis is that Myc is a valid target for the development of novel therapeutics aimed
at blocking essential Myc:protein complexes that drive the carcinogenic process of mammary
epithelial cells.

Specific Aims
1) We will use the RTA to identify the Myc-binding domain of a recently identified Myc-

interactor, TRRAP (2), and delineate the nature of a “Myc-signature sequence” with which
other Myc-binding proteins can be identified by sequence databank analysis.

2) Clone and characterize novel Myc-binding protein using the RTA to screen for MycNTD
interactors in cells derived from human breast carcinomas.

3) With these experimental tools in hand we will then use the RTA to identify specific
inhibitors of these protein:protein interactions that will block Myc function and inhibit tumor
cell proliferation.

Body
With support from the DOD, the research outlined in the original proposal has progressed in

a steady and productive manner as expected for this first year of funding. To delineate the
accomplishments to date, the tasks outlined in the original Statement of Work for the first two
years of the proposal are itemized below and a progress report for each task provided. Task 3 is
not included as it will be completed in months 18 to 36 of this proposal.

Statement of Work

Task 1. To identify the Myc binding domain of TRRAP, a novel MycNTD-binding protein
recently identified biochemically (months 1-18)




f.

g.
h.

Complete. We have cloned overlapping fragments of TRRAP into the pBD prey vector
using a PCR based approach and verify sequence is in-frame with the TUP-1 repressor
domain

Complete. The yeast have been transformed with these TRRAP fusion proteins, and
analyzed by western blot for equal expression of prey fusion proteins using our recently
derived TUP-1 specific antibody

Complete. It has been established that the prey fusion proteins do not affect yeast
viability in the presence or absence of 5-FOA

Complete. We have tested TRRAP fusion proteins for their interaction with wildtype
MycNTD bait proteins, include MbI and MBII deletion and point mutants as well as
specificity controls for MycNTD interaction, including Gal4E2F, Gal4 VP16, etc.

In progress. The region of TRRAP required for interaction with Myc has been further
refined using smaller fragments of TRRAP in the RTA. We are presently identifying
the specific amino acids essential for interaction with the Myc N-terminal domain using
the RTA. Once this is complete the required residues will be mutated and re-test in
steps a-d above until a Myc-binding motif is identified. For details, please see Figure 1.
Yet to do. Search the sequence database for other polypeptides encoding this motif

Yet to do. If such proteins are identified, their cDNA will be cloned and tested for Myc
interaction using the RTA

Yet to do. Additional proteins identified by this approach will be further characterized
as stated in Task 2g-k

Task 2. To use the RTA to identify MycNTD-binding proteins that are essential for Myc to
transform mammary epithelial cells (months 1-24)

a.

Complete. The cDNA libraries have both been prepared in pBD prey vector with
mRNA derived first from asynchronous MCF-7 cells and then from primary breast
carcinoma samples. The former was constructed as a directional library while the latter
was prepared as a non-directional library.

Complete. Both cDNA libraries have been screened such that all mRNA in the cells is
represented in the library screen. The MCF-7 library is superior to the primary breast
library and will be used for subsequent analyses.

Complete. Pick and streak resultant colonies and retest for specificity of interaction on
selection medium +/- 5-FOA +/- methionine to induce prey expression as well as a
master plate to retain yeast for future work (see Figure 2).

Complete. Those colonies that show interaction with MycNTD in a prey fusion
specific manner will be processed further. To isolate prey, high-quality plasmid DNA
will be isolated by Quiagen or Clonetech prep and then transformed by electroporation
into electro-competent DH5alpha cells.

In progress. Resultant mini-prep prey vector DNA will be retested for functional
interaction against the MycNTD using the RTA

In progress. Those that repeat will be tested for interaction with MycNTD containing
deletion and point mutations in MbI and MblI.

In progress. Those that are dependent upon these highly conserved regions will
undergo nucleotide sequencing

Yet to do. These will be analyzed for known and novel cDNAs and interaction further
confirmed in vitro by GST fusions, in vivo by co-immunoprecipitation of ectopically




expressed and tagged proteins and finally by in vivo co-immunoprecipitation of
endogenous proteins.

i. Yet to do. Ectopic expression of the tagged protein will be analyzed by
immunofluorescence to determine subcellular localization relative to Myc. For the
latter excellent antibody reagents are available.

j. Yet to do. Myc-binding proteins will be tested for their ability to alter Myc function.
These assays will include Myc autosuppression, apoptosis, transformation, etc. These
assays are well-established in the lab

k. Yet to do. The expression of Myc and the Myc-binding proteins will be analyzed for
expression and activity in cell lines and primary tissue samples derived from normal
and transformed mammary carcinomas

Key Research Accomplishments
oA region of TRRAP essential for interaction with Myc has been identified using the RTA. This

Myc-binding domain of TRRAP and the Myc N-terminal domain are now under further analysis
to define the precise amino acids required for this interaction.

eTwo cDNA libraries have been constructed and screened to identify polypeptides that interact
with the Myc N-terminus. Positive clones from the MCF-7 library are now being isolated, re-
screened and sequenced.

Reportable Qutcomes

None yet to report.

Conclusions

The work to date shows the expected progress and suggests the ultimate goal of the proposal
will be accomplished during the tenure of this award. In the first year of funding specific
objectives #1 and #2 have been initiated.

As described in the first specific aim, the RTA has been employed to identify a region of
TRRAP which is required for binding to the Myc N-terminal domain. With this knowledge the
precise amino acid residues essential for TRRAP:Myc interaction can be further identified using
the RTA. This is presently in progress. Once the Myc-binding motif has been defined the
research will progress in two directions. First, other proteins containing this motif will be
identified using an in silico approach. With this class of Myc-binding proteins identified the
nature of the polypeptides and their role in the control of cell proliferation will be further
investigated. Second, inhibitors of the TRRAP:Myc interaction will be identified. With these
lead compounds in hand novel therapeutics to block this interaction and Myc function as an
oncogene will be further developed.

As outlined in the second specific aim, two cDNA libraries have been constructed and
screened using the RTA to identify novel Myc binding proteins. Positive clones resulting from
the MCF-7 library screen are presently being further characterized to ensure they are true Myc
interactors and to reveal their identity through nucleotide sequencing. With these interactors in
hand the molecular mechanism of action of Myc in the carcinogenic process will be further
revealed. In addition, these clones will provide the essential experimental tools to develop
additional therapeutics that will break Myc interactions that hold a key role in the transformation.
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For details of the RTA, please appended manuscript:

Hirst, M., Ho, C., Sabourin, L., Rudnicki, M., Penn, L., and Sadowski, 1. (2001) A two-hybrid
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Figure 2 |dentification of novel Myc NTD-interacting protiens by library screen using RTA

(A) Schematic outline of library screen and selection criteria. FOA resistant colonies were
collected and transferred from screening plates onto master plates. Library clones were then
tested by directly transferring cells from master plates to a series of selective plates designed
to test for specificity and recapitulation of growth phenotype on FOA. (B) A representative set
of library selection plates. (C) Clones can be divided into 4 categories. Group 1 clones were
viable when picked from original screening plates onto master plates, but were not viable when
transferred from master plates to selection plates. Group 2 clones were viable on selection
plates, but did not confer growth on FOA. Group 1 and 2 clones were not carried further. Group
3 clones were able to confer strong rescue on FOA, however, strong growth was also seen on
+Met, suggesting that the growth on FOA could be non-specific. Group 4 clones exhibit the ideal
selection criteria, rescue of growth on FOA and loss of this rescue when transferred to +Met
indicating specificity of growth on FOA to the concurrent expression of the library TUP1-fusion.




A two-hybrid system for transactivator bait proteins
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We describe a two-hybrid strategy for detection of interactions
with transactivator proteins. This repressed transactivator (RTA)
system employs the N-terminal repression domain of the yeast
general repressor TUP1. TUP1-GAL8O fusion proteins, when coex-
pressed with GAL4, are shown to inhibit transcription of GAL4-
dependent reporter genes. This effect requires the C-terminal 30
residues of GAL4, which are required for interaction with GAL80 in
vitro. Furthermore, repression of GAL transcription by TUP1-GAL80
requires SRB10, demonstrating that the TUP1 repression domain, in
the context of a two-hybrid interaction, functions by the same
mechanism as endogenous TUP1. Using this strategy, we demon-
strate interactions between the mammalian basic helix-loop-helix
proteins MyoD and E12, and between ¢-Myc and Bin-1. We have
also identified interacting clones from a TUP1-cDNA fusion expres-
sion library by using GAL4-VP16 as a bait fusion. These results
demonstrate that RTA is generally applicable for identifying and
characterizing interactions with transactivator proteins in vivo.

The yeast two-hybrid (1) and interaction-trap (2) systems are
simple genetic strategies for detecting interactions between
proteins in vivo. These techniques were developed consequent to
the understanding that eukaryotic transcriptional activators have
separable DNA-binding (DBD) and activation domains (AD)
that function when fused to heterologous proteins (3). Interac-
tion of an AD “prey” fusion with a DBD “bait” fusion protein
produces a functional transactivator complex that activates
reporter genes bearing upstream cis-elements for the DBD. One
limitation of these strategies is that transcriptional activators
cannot be used as baits. In this report we describe a modified
strategy that addresses this problem.

The yeast general repressor protein TUP1 is recruited to
specific promoters in a complex with the corepressor SSN6 by
gene-specific DNA-binding proteins. TUP1/SSN6 complexes are
recruited to glucose-repressed genes by MIG1, which binds the
upstream repression sequence for glucose (URSg) (4) (see Fig.
1A4). Repression by SSN6/TUP1 is associated with chromatin
reorganization of a number of genes including the GAL4, GALI,
GALI10, SUC2, and MATa specific genes (5-8). This observa-
tion, coupled with the finding that the N terminus of TUP1
interacts directly with histone H3 and H4 tails (9), suggests that
SSN6/TUP1 may repress transcription by organizing nucleo-
somes (10). Repression by SSN6/TUP1 is also affected by
mutations to several RNA polymerase II holoenzyme-associated
proteins, including the cyclin-dependent kinase/cyclin pair
SRB10/SRB11 (11). This genetic relationship suggests that
TUP1-mediated repression also involves modulation of RNA
polymerase II holoenzyme function.

The N-terminal 200 residues of TUP1 are sufficient to cause
repression when artificially recruited to a promoter as a LexA
fusion (12). Based on this observation, we reasoned that the
TUP1 repression domain should function in the context of a
two-hybrid system to detect protein interactions with transcrip-
tional activator bait fusions. We show that interaction of GAL4
DBD-activator bait fusion proteins with TUP1 repression do-
main (RD) prey fusions can be detected by repression of
GALd4-dependent reporter gene transcription (see Fig. 1 B and
C). We have called this two-hybrid variation the repressed
transactivator (RTA) system, and we demonstrate that it is
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capable of detecting interactions with transcriptional activator
proteins in vivo.

Materials and Methods

Plasmids and Yeast Strains. Wild-type GAL4 was expressed from
the ADHI promoter on the HIS3, 2u vector pMA210 (13).
The deletion derivatives pMA230 (1-848), pMA242
(1-238::768-881), pKW2 (1-238::768-848), pMA246 (1-239),
and pMAB17 (1-147::B17) were as described (13, 14). Plasmid
pIMHI105 is a TRPI 2p vector expressing the TUP1 RD from the
ADH] promoter, which was constructed by cloning an EcoRI/
Notl TUPI fragment, produced by amplification with primers
MH50 (5'-GGCGAATTCGTATGACTGCCAGCGTTTCG)
and MH51 (5'-GAGCGGCCGCTGCCACGGAAACCTGGG-
GAGG), into YephalAlac (15). GAL80 was amplified by using
primers MH54 (5’-GAGCGGCCGCTATGGACTACAACAA-
GAG) and MHS55 (5'-GAGCGGCCGCTTATAAACTATA-
ATGCG), and cloned into YEpHAAlac to create pJMH106
(ADHI1-GALS80), or into pJMH105 to create pJMH107 (ADHI-
TUP1-GALS80). Plasmid pJMH109 is a LEU2 integrating vector
containing a GALI-URAS3 reporter gene, which was constructed
by cloning an HindIIl/BamHI URA3 fragment, produced by
amplification with the primers MH121 (5'-TTCTAAAGCT-
TATGTCGAAAGCTACATATAAGGAACG) and MH122
(5'-TTATCGGATCCTTAGTTTTGCTGGCCGCATCTTC)
into pAOGALL, which is a LEU2-integrating GALI expression
plasmid. The pBD plasmids are HIS3, 2 vectors that express
TUP1 repression domain fusions from the MET3 promoter,
whereas the pG plasmids are derived from pPHO-GALA4 (16),
and express GAL4 DBD fusions from the PHOS5 promoter on a
TRP1, ARS/CEN backbone. Details of these vectors will be
described elsewhere. The pG-Myc (1-262) transactivation do-
main was cloned into the Smal site of pG1 (17) as an Xhol/Smal
fragment (made blunt). The pBD-BINT1 fusion was constructed
by inserting a BamHI/BstXI Binl cDNA fragment (18) (made
blunt) into the Smal site of pBD2. Plasmid pGAL4-MyoD
expressing GAL4-MyoD contains an EcoRI/HindIII DNA frag-
ment consisting of the ADHI promoter and terminator express-
ing GAL4 (1-147) fused to mouse MyoD residues (1-319),
cloned into Ycplac22 (19). Plasmid pRSTE425 expressing
TUP1-mouse E12 (residues 274-444) from the PGK promoter/
terminator (20), contains a BamHI/Bg/Il E12 DNA fragment
fused to the TUP1 RD on pRS425 (21). The TUP1-E12AH2
derivative produced from pRSTEAH2 bears a deletion of E12
residues (376-444).

Yeast strains were as follows: YIMH1 (MATo, gal4-542,
gal80-538, ura3-52, his3-200, ade2-101, adel, lys2-80, trpl1-901,
aral, leu2-3,112, met, LEU2::GALI-URA3 (pMH109));

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: RTA, repressed transactivator assay; RD, repression domain; AD, activa-
tion domain; DBD, DNA-binding domain; 5-FOA, 5-fluoroorotic acid; GST, glutathione
S-transferase.
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YT6::171 (MATc, gald, gal80, ura3, his3, ade2, adel, lys2, trpl,
aral, leu2, met, URA3::GALI-LacZ) (22); W303::131 [MATa,
ade2, his3, leu2, trpl, ura3, canl, URA3::GALI-lacZ (pRY131)]
(23); H617::1131 [MATqa, ade2, canl, his3, leu2, trpl, ura3,
srb10::HIS3, URA3:GALI-LACZ (pRY131)] (24); MAV108
(MATa, gald, gal80, leu2, trpl, his3, SPAL10::URA3) (25); and
Y190 (MAT e, ura3-52, leu2-3,112 trp1-901, his3A200, ade2-101,
gal4, gal80, cyh2R, URA3::GALI-lacZ, LYS2::GALI-HIS3) (1).

Growth and p-Galactosidase Assays. Growth assays were per-
formed in strain YYMH1 (GAL4 baits) or MAV108 (GAL4-Myc
baits) on synthetic dextrose medium (SD) lacking histidine and
tryptophan, containing either 2% galactose and 2% raffinose
(GAL/RAF) or 2% glucose (GLU) and 5-fluoroorotic acid
(5-FOA) where indicated. Cells were suspended in water and
normalized to an ODggo = 1.0 and were 10-fold serially diluted
in water. Ten microliters of the dilutions were spotted onto
selective agar plates and incubated for 3-5 days at 30°C. Cells for
B-galactosidase assays were grown in SD to an ODgg = 1.0;
activity was measured from extracts prepared by lysis with glass
beads (16), and are an average of at least three independent
determinations.

Construction of the TUP1-MCF-7 ¢DNA Fusion Library. RNA was
purified from 5 X 107 exponentially growing MCF-7 cells by
using QuickPrep mRNA purification kit (Amersham Pharmacia;
catalog no. 27-9254-01) and twice purified on Oligo(dT)-
cellulose spin columns. cDNA was synthesized by using the
Timesaver cDNA synthesis kit (Amersham Pharmacia; catalog
no. 27-9262-01) with modifications to the protocol to produce
directional cDNAs. In brief, poly(A)* RNA was subjected to
random primed cDNA synthesis using a specialized direct ran-
dom hexamer (NgCC). cDNAs were methylated after second
strand synthesis, and excess primers were removed in a spin
column. Methylated cDNAs were ligated to annealed directional
adaptors (AATTCGTCGACGGAT/ATCCGTCGACG). The
ligated products were then phosphorylated, digested with
BamHI to produce cDNAs with 5’ EcoRI and 3' BamHI sticky
ends, and then ligated into appropriately digested pBD1. Ligated
DNA was electroporated into ElectroMAX DH10B electrocom-
petent cells (GIBCO/BRL, Bethesda; catalog no. 18290-015).

GAL4-VP16AD RTA Screen. Yeast strain MAV108 bearing plasmid
pY1VP16 (26) expressing GAL4-VP16AD (411-490) was trans-
formed with the pBD-MCF-7 cDNA library and allowed to form
colonies on SD lacking histidine and tryptophan. About 6.0 X
10° transformants were scraped, resuspended in 50% glycerol,
snap frozen in liquid nitrogen, and stored at —70°C. Aliquots
were thawed and plated on SD lacking histidine, tryptophan, and
methionine and containing 0.1% 5-FOA at a density of 1.2 X 10°
colony-forming units per 15-cm plate. Colonies were picked
after 5-7 days growth at 30°C, and expanded in liquid SD lacking
histidine. Cells were harvested by centrifugation, resuspended in
100 pl of Y-PER (Pierce; catalog no. 78990), and incubated at
room temperature for 20 min. DNA was prepared from the
lysates by sequential addition of solution II and solution III as
with the standard alkaline lysis miniprep protocol (27). cDNA
inserts were amplified by PCR using the vector-specific primers
oKL1 (5'-TTGCCTGTGGTGTCCTCAAAC) and oKL2 (5'-
TGACCAACCTCTGGCGAAG), purified by using QIAquick
columns (Qiagen, Chatsworth, CA; catalog no. 28106), and
sequenced with oKL1. Insert templates for production of in
vitro-translated protein were produced by PCR with oligo 0IS923
(5'-CCCTCGAGTAATACGACTCACTATAGGGAGC-
CACCATGCAGCAACCACCTCCCCAGGTTTCCGTGGC-
AG-3') containing a T7 promoter tag (underlined), and oKL2.
[**S]Methionine-labeled in vitro-translated protein was pro-
duced by coupled transcription/translation, directly from the
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Fig. 1. Rationale for the repressed transactivtor two-hybrid system. (A)
Representation of the GALT gene in glucose-grown cells, indicating the
binding sites for GAL4 (UAS), and MIG; (URS). MIG, recruits the general
repressors SSN6 and TUP1. The N-terminal RD of TUP1 is indicated in black. (8)
Activation of a GAL1-URA3 reporter gene by a GAL4 DBD-activator fusion
protein (activator bait) in ura3~ yeast gives a URA* phenotype, and causes
sensitivity to 5-FOA. (C) Interaction between a TUP1 RD fusion (TUP1-RD prey)
with the activator bait causes repression of transcription, resulting in 5-FOA
resistance.

PCR template, by using the TNT T7 Quick system (Promega;
catalog no. L5540). Interaction of labeled insert-encoded pro-
teins with recombinant glutathione S-transferase (GST)-VP16
was performed as described previously (28, 29).

Results

The TUP1 N Terminus Represses GAL Transcription When Fused to
GAL80. The N terminus of TUP1 causes repression when fused
directly to LexA (12). We examined whether this repression
domain was capable of functioning when recruited to DNA by a
specific protein—protein interaction as a prey fusion-protein (Fig.
1C). We imagined that such an interaction would mimic the
natural function of TUP1, which is normally recruited to specific
promoters by DNA-binding proteins as a complex with SSN6
(Fig. 14). Repression of transcription can be genetically de-
tected by using counterselectable reporter genes such as URA3
(30). Expression of URA3 allows growth of yeast in the absence
of uracil (URA™), but also renders them sensitive to 5-FOA,
which is converted into a toxic metabolite by the URA3 gene
product (Fig. 1B). Repression of URA3 can be detected by the
ability to grow in the presence of 5-FOA (Fig. 1C).

We examined the feasibility of the RTA system by using the
well-defined interaction between GAL4 and its regulator
GALB0. GAL4 expressed on its own from the ADHI promoter
in a strain bearing a GALI-URA3 reporter gene causes acti-
vation of transcription and renders the yeast sensitive to
5-FOA (Fig. 2, line 1). Expression of GAL8S0 from the ADHI
promoter in the same strain causes slight inhibition of GAL4,
allowing infrequent formation of colonies on 5-FOA (Fig. 2,
line 2), but expression of the TUP1 RD on its own has no effect
on activation by GAL4 (Fig. 2, line 3). In contrast, coexpres-
sion of a TUP1 RD-GALSO0 fusion with GAL4 allows growth
on 5-FOA (Fig. 2, line 4). We observed this resuit whether the
yeast were grown on glucose- (not shown), or galactose-
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Fig.2. TUP1-GAL8O represses GAL transcription under inducing conditions.
Yeast strain YJIMH1 was cotransformed with pMA210 expressing wild-type
(WT) GAL4 (bait), and one of the following: pJMH 106, expressing GAL8O (line
2); pJMH105, expressing TUP1 RD (line 3); pJMH 107, expressing TUP1-GAL8O
(line 4); or YephalAlac (line 1). Equivalent numbers of cells were spotted, in
10-fold serial dilutions (from left to right), onto selective media containing
galactose and raffinose without 5-FOA (GAURAF), or with 0.1% 5-FOA (GAL/
RAF/5-FOA).

containing plates (Fig. 2). This result demonstrates that the
TUP1 RD inhibits activation by GAL4 when fused to the N
terminus of GALSO0.

SRB10 Is Required for Repression by the N Terminus of TUP1. SRB10
has been shown to be required for at least part of the repressive
effect of the TUP1 RD in vivo (11, 31). To determine whether
the TUP1 RD inhibits transcription by its normal repressive
mechanism when fused to GA LS80, we examined whether SRB10
was required for repression of GAL4-dependent reporter gene
expression by TUP1-GALS80. For these experiments we used a
GALI-lacZ reporter gene (Fig. 3). Consistent with the results of
Fig. 2, we found that TUP1-GALS0 inhibited transcriptional
activation by GAL4 in wild-type SRBI0 yeast (Fig. 3, TUP1-
GALS80). GALS80, expressed on its own, caused only slight
inhibition of GAL4 (Fig. 3, GAL80), whereas the TUP1 RD had
no effect on its own (Fig. 3, TUP1). In contrast, we found that
TUP1-GALS0 was incapable of inhibiting activation of GALI-
lacZ reporter gene expression in an srb10 disruption strain (Fig.
3,srb10 TUP1-GALS80). This result supports the conclusion that
the TUP1 RD fused to GALSO causes repression through its
normal function, rather than by simply augmenting an inhibitory
effect of GALS0.

Repression of GAL Transcription by TUP1-GAL80 Requires the GAL4
C-Terminal 30 Residues. GAL4 contains two regions that activate
transcription when fused individually to the DBD, known as
activating region 1 and activating region 2 (AR1 and AR2,
respectively; see Fig. 44) (13). AR2 overlaps a region required
for interaction with GALS0 (14). Deletion of the C-terminal 30
residues produces a constitutive activator that is incapable of
efficient interaction with GALS80 (14). To determine whether
repression of transcription by TUP1-GALSO0 reflected interac-
tion with the C-terminal 30 residues of GAL4, we examined a
series of GAL4 deletion/fusion derivatives. We found that only
those GAL4 derivatives bearing the C-terminal 30 residues
allowed survival of yeast on 5-FOA when coexpressed with
TUP1-GALS80 (Fig. 4B, lines 1 and 3). Thus, yeast expressing
GAL4(1-848) coexpressed with TUP1-GALSO could not grow
on 5-FOA (Fig. 4, line 2), indicating that deletion of the
C-terminal 30 residues prevents repression of the URA3 re-
porter. Similarly, a derivative bearing both AR1 and AR2 but
lacking the central region [GAL4(1-238::768-881)] was inhib-
ited by TUP1-GALS80 (Fig. 3, line 3), but a comparable deriv-
ative lacking the C-terminal 30 residues was not
[GAL4(1-238::768-848), Fig. 3, line 4]. GAL4 DBD derivatives
bearing only AR1 (Fig. 3, line 5), or the B17 activating peptide
(32) (Fig. 3, line 6) were also insensitive to inhibition by
TUP1-GALS0. When expressed in the absence of TUP1-
GALRS0, all of the GAL4 derivatives in Fig. 44 activate the
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Fig.3. Repression of GAL transcription by TUP1-GAL8O requires SRB10. Yeast
strains W303:131 (SRB10, open bars), and H617:131 (srb10, black bars) were
transformed with a vector control (YephalAlac) (Vector) or plasmids express-
ing GAL8O (pJMH 108), TUP1 (pJMH105), or TUP1-GALBO (pJMH107). Yeast was
grown to mid-log arithmic phase in selective medium containing galactose,
and expression of the GAL7-LacZ reporter gene was assayed by measuring
B-galactosidase activity.

GALI-URAS3 reporter gene to allow growth on URA™ plates,
demonstrating that all of the derivatives are efficient activators
(Fig. 4C). These results indicate that repression by TUPI-
GALSO requires the normal site of interaction between GAL4
and GALS0.

RTA Detects Interactions with Mammalian Transactivator Proteins.
We also examined whether the TUP1 RD could be used to detect
interactions with mammalian transactivator bait fusions. MyoD
is a basic helix-loop-helix (PHLH) family member involved in
skeletal muscle development (33). MyoD forms heterodimers
with the ubiquitously expressed bHLH protein E12 (34). When
expressed in yeast as a fusion to the GAL4 DBD, MyoD causes
strong activation of a GALI-lacZ reporter gene (Fig. 5A4).
Coexpression of GAL4-MyoD with the TUP1 RD on its own did
not affect reporter gene expression (Fig. 54, TUP1), but coex-
pression of a TUP1-E12 fusion protein repressed GALI-lacZ
transcription (Fig. 54, TUP1-E12). In contrast, expression of a
TUP1-E12 fusion bearing a deletion of the HLH helix 2, which
is known to be required for interaction with MyoD in vitro (35),
had no effect on activation by GAL4-MyoD (TUP1-E12AH2).
Similar to the results presented in Figs. 2 and 4, we also found
that coexpression of TUP1-E12 with GAL4-MyoD in yeast
bearing a GALI-URA3 reporter allowed growth on plates con-
taining 5-FOA (not shown). These results demonstrate that the
specific interaction between MyoD and E12 can be detected in
vivo by using RTA.

We also tested interaction between the protooncogene prod-
uct c-Myc and the putative tumor suppressor protein Bin1, which
has been shown to interact with the N-terminal c-Myc transac-
tivation domain (36). The ¢-Myc N terminus fused to GAL4
DBD causes activation of transcription of GAL4-dependent
reporter genes, and causes killing of yeast bearinga GALI-URA3
reporter gene on 5-FOA (Fig. 5B, line 3). Coexpression of a
TUP1 RD-Binl fusion with GAL4-Myc allowed survival on
5-FOA (Fig. 5B, line 4), indicating repression of the GALI-
URA3 reporter, and demonstrates specific interaction between
¢-Myc and Binl in vivo.
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Identification of VP16-Interacting Proteins by Using RTA. To deter-
mine whether RTA could be used to screen for novel inter-
actions with a transactivator, a cDNA expression library was
screened for proteins that interact with the VP16 activation
domain. Yeast strain MAV108 (25), bearing a GALyas-URA3
reporter gene and a GAL4-VP16 expression plasmid, was
cotransformed with a TUP1 RD-cDNA fusion expression
library. Interacting clones were selected for repression of
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Fig.5. RTA detects interactions with mammalian transactivators. (A) Yeast
strain Y190 was cotransformed with pGAL4-MyoD and a vector control
(pRS425), pRST425 expressing TUP1-RD, pRSTE425 expressing TUP1-E12, or
PRSTE425AH2 expressing TUP1-E12 bearing a deletion of helix 2 (TUP1-
E12AH2). Yeast was grown to mid-log arithmic phase in selective medium
containing glucose, and expression of the GALT-lacZ reporter gene was as-
sayed by measuring p-galactosidase activity. (B) Yeast strain MAV108 was
transformed with the bait vector control plasmid (pG1), or pG-Myc(1-262)
expressing GAL4-Myc, in combination with the prey vector control plasmid
pBD1(TUP1) ora pBD-BIN expressing TUP1-BIN1. Cells were spotted, in 10-fold
serial dilutions (from left to right) on selective plates containing glucose
without 5-FOA (GLU), or with 0.05% 5-FOA (GLU/5-FOA).
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UHA l Fig.4. Repression of GAL transcription by TUP1-
GAURAF GALBO requires the GAL4 C-terminal 30 amino ac-

3 » ids. (A) Fusion derivatives and deletions of GAL4.
(B) Yeast strain yJMH1 was cotransformed with
pIMH107 expressing TUP1-GAL80 and plasmids ex-
pressing the GAL4 deletion/fusion derivatives in-
dicated in A. Cells were spotted, in 10-fold serial
dilutions (from left to right) on selective plates
containing galactose and raffinose without 5-FOA
(B, GAL/RAF), or with 0.1% 5-FOA (B, GAL/RAF/5-
FOA). (Q) Yeast cotransformed with GAL4 expres-
sion plasmids (indicated in A) and pJMH105 were
spotted as above on minimal selective plates lack-
ing uracil (URA-/GAL/RAF), to assay activation of
the GALT-URAS3 reporter.
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URA3 by growth on plates containing 0.1% 5-FOA. Sequences
were obtained for 30 independent 5-FOA-resistant clones that
contained in-frame TUP1-cDNA fusions (Table 1). Multiple
isolates were obtained for several of the clones, indicating that
the screen may have neared saturation (Table 1). To determine
whether any of the clones represented direct interactions with
the VP16 activation domain, we assayed in vitro binding of
[**S]methionine-labeled insert-encoded protein to recombi-
nant GST and GST-VP16 (data not shown). We found that
proteins produced by the BCL7B, HSHZF4, KIAA0710, and
TAF168 inserts interacted specifically with GST-VP16 (Table
1). In contrast, the HSPAS5 and DDXS5 proteins interacted
equally well with GST and GST-VP16, and therefore likely
represent nonspecific interactions. The Pol2RA insert-
encoded protein did not interact with GST or GST-VP16,
indicating that it may represent an indirect interaction with
VP16 in vivo. Some of the additional clones may also represent
false positives (kynureninase, UDP-glucose dehydrogenase).
In summary, these results demonstrate that RTA can be used
to screen for novel proteins that interact with transactivators.
Our screen using RTA identified specific clones at a propor-
tion comparable to screens using the standard two-hybrid and
interaction trap systems.

Discussion

We demonstrate that the repression domain of TUP1 can
function when recruited to promoters by specific interactions
between fusion proteins. The TUP1 RD fused to GALSO
causes repression of GAL4-dependent reporter genes. Repres-
sion by TUP1-GALS80 requires the C-terminal 30 residues of
GAL4, which are known to interact with GALSO0 in vitro, and
are necessary for normal inhibition by GALS80 in vivo. Fur-
thermore, repression by TUP-GALS80 requires SRBI0, indi-
cating that the TUP1 RD inhibits transcription through its
normal function in the context of the two-hybrid interaction.
We show that this property of the TUP1 RD can be exploited
for detecting interactions with transactivator proteins in vivo.
Protein interactions with two different mammalian transcrip-
tion factors, MyoD and c-Myc, were detected by using RTA.
We have also performed a pilot scale two-hybrid screen using
GAL4-VP16 as a bait to identify several interacting proteins
not previously described. These results demonstrate the use-
fulness of RTA for characterizing interactions with transacti-
vators in vivo.

Proteins that normally function to activate transcription, or
proteins that artificially activate when fused to a DBD, cannot
be used as baits in the standard two-hybrid or interaction-trap
systems unless the regions that cause activation are deleted.
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Table 1. Identification of VP16-interacting proteins by using RTA

Sequence Clones* In vitro* Function/notes Ref.
bA155N3.1 4 | Novel protein similar to KIAA0694 37
BCL7B 3 + Rearranged in B cell lymphoma, novel conserved gene family 38
DDX5 1 NS DEAD-box helicase, 68 kDa 39
HSHZF4 1 + Kruppel-related zinc finger protein 40
KIAAQ710 1 + Unknown function 37
Pol2RA 1 - RNA polymerase Il 220-kDa a-subunit 41
hSAN 1 [ Similar to Drosophila melanogaster separation anxiety protein, AK023256

TAF,68 1 + 68-kDa TBP-associated factor 42
28S 1 ND 28S Ribosomal RNA

HSPAS 2 NS BiP heat shock protein 43
Kynureninase 1 ND 1-Kynurenine hydrolase 44
UGDH 1 ND UDP-glucose dehydrogenase 45
ESTs 3 ND Uncharacterized EST sequences

Unannotated 9 ND Sequences from unannotated genomic DNA

BiP, immunoglobulin light chain binding protein; EST, expressed sequence tag.

*Number of independent isolates.

¥, inconclusive; +, in vitro interaction; —, no in vitro interaction; NS, nonspecific in vitro interaction; ND, not determined.

This problem needed to be addressed because critical inter-
actions between transcription factors and their regulators are
often mediated by the same regions that cause transcriptional
activation. This is illustrated in the results presented here.
Interaction of GAL80 with GAL4 requires the C-terminal 30
residues of GAL4. This region is also necessary for efficient
activation of transcription, and is known to contact several
general initiation factors (28, 46). In addition, interaction
between the putative tumor suppressor protein Binl requires
the N-terminal transactivation domain of c¢-Myc (47). Our
experiments demonstrate that the RTA system is useful for
genetically detecting interactions with transactivation do-
mains. However, the assay is not dependent on direct inter-
action of the TUP1-prey fusion with the activation domain of
the activator bait, because we also demonstrate interaction
between MyoD and its heterodimer partner E12. This inter-
action occurs through helix 2 of the bHLH motif (48), which
is not directly responsible for transactivation.

In our screen with GAL4-VP16 as a bait fusion, we identi-
fied several previously undescribed interacting proteins, in-
cluding BCL7B, HZF4, and TAF;68. These appear to be direct
interactions, as protein produced by in vitro transcription/
translation of the cDNA inserts bound GST-VP16 in pull-down
assays (data not shown, and Table 1). The significance of these
interactions for activation by VP16, or replication of HSV-1,
will require confirmation and characterization of the interac-
tions in vivo. Interaction of an activator with TAF;68 has not
been demonstrated previously, although several viral activa-
tors are known to interact with TAF250 (49-51), and TAF140
(52). Surprisingly, in our screen, we did not identify general
transcription factors (GTFs) that are known transcriptional
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activation targets for VP16 in vitro (52-55). It is possible that
these interactions are too weak to be identified at the 5-FOA
concentration used, or some TUP1-GTF fusions may be toxic
in yeast due to nonspecific recruitment to promoters. One
clone representing the largest RNA polymerase II subunit
(Pol2RA) was recovered in the screen, but we did not detect
interaction of the protein with VP16 in vitro (not shown). This
result indicates that, as with the standard two-hybrid and
interaction-trap systems, some interactions between the bait
and prey fusions in RTA may be mediated through complexes
with one or more yeast proteins.

Several other two-hybrid systems can be used with bait
proteins that activate transcription. The Sos- and Ras-
recruitment two-hybrid strategies rely on interaction between
the bait and prey fusions for recruitment of CDC25 or Ras to the
plasma membrane, allowing growth at the nonpermissive tem-
peratures in cdc25 or ras temperature-sensitive strains (56, 57).
Additionally, an RNA polymerase III-based system has been
developed that utilizes the activating protein 7138 (58). The
advantage of RTA over these strategies is that interactions with
transactivator baits can be assayed in the context of their normal
function—when they are localized to the nucleus, bound to a
promoter, and activating RNA polymerase II-dependent tran-
scription. We expect that the RTA system will be useful for
characterizing interactions between transcriptional activator
proteins and their regulatory molecules and coactivators, as well
as identifying novel interactions involved in transcriptional
regulation.
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